The relationship between hemic neoplasia, a blood cell disorder in bivalve molluscs, and chemical contaminants was evaluated in the common mussel (Mytilus edulis complex). Hemic neoplasia (HN) is endemic to mussel populations in Puget Sound. The prevalence of hemic neoplasia ranged from 0 to 30% in mussels from nine sites in Puget Sound, Washington. Organic chemical contamination in sediment from these sites range from 0.1 to 64.0 ppm of polycyclic aromatic hydrocarbons (PAHs) and 0.07 to 0.50 ppm chlorinated hydrocarbons. No relationship between the body burden of environmental contaminants and the prevalence of HN in mussels was identified. To evaluate the shortterm ability of chemical contaminants to induce HN in mussels, mussels, from a site where mussels were previously determined to be HN free, were fed microencapsulated PAHs (composed of a mixture of phenanthrene, flouranthene, and benzo[a]pyrene) or PCBs (Aroclor 1254) and the prevalence of HN was assessed after 30 days of exposure. Although an apparent increase in HN prevalence (20 to 30%) was observed in all treatments groups except the untreated controls, no significant difference in the prevalence of HN was observed between the control group of mussels fed corn oil (vehicle) and mussels fed either PAHs or PCBs in corn oil. A long-term (180-day) exposure study was conducted to evaluate the influence of PAHs or PCBs in modulating the prevalence of HN in a mussel population already exhibiting a moderate HN prevalence. Mussels, from a site where mussels were previously determined to exhibit a background prevalence of HN, fed microencapsulated PAHs, PCBs, and corn oil (vehicle) over a long time period (180 days), revealed an apparent increased prevalence of HN (30 to 40%) above the low levels (20%) initially present. However, no significant difference in the prevalence of HN was observed between the control group of mussels fed corn oil (vehicle) and mussels fed either PAHs or PCBs in corn oil. Although chemical contaminants have been proposed as a modulating factor in the development and promotion of HN in bivalve molluscs from environmentally stressed and degraded habitats, we find no evidence that chemical contaminants induce or promote the development of HN in the mussel M. edulis complex. 1999 Academic Press
INTRODUCTION
The major neoplasm reported in bivalves and presumed to be of blood cell origin has variously been designated sarcoma, hematopoietic neoplasm, disseminated neoplasia, hemic neoplasia, leukemia, or blood cell proliferative disorder. Neoplastic conditions have been reported worldwide in 15 species of bivalves, including 4 species of oysters, 6 species of clams, and 5 species of mussels (see review by Elston et al., 1992) . The disease is characterized by proliferation of enlarged circulating hemocytes with a large lobate nucleus, one or more nucleoli, a high frequency of mitotic figures, and a high nucleus to cytoplasm ratio (Farley, 1969; Mix, 1983) . The etiology of molluscan neoplasia remains uncertain, and several researchers have suggested possible causes ranging from carcinogenic chemicals (Lowe and Moore, 1978; Farley et al., 1991) , to involvement of a c-type retrovirus (Oprandy et al., 1981; Elston et al., 1988) , to genetic disposition of individuals (Couch and Harshbarger, 1985) .
A chemical etiology has been suggested as a principle factor in the development of this neoplastic disorder. For example, Lowe and Moore (1978) , while investigating hemic neoplasia (HN) in the common mussel, Mytilus edulis, demonstrated the presence of domestic and industrial pollution, including hydrocarbons, at a site in England where the mussels exhibited a high prevalence of this type of disease. Environmental contaminants, such as hydrocarbons, were suspected to be the causative factor for HN in clams collected from oil spill sites in Searsport, Maine (Barry and Yevich, 1975) , and Freeport, Maine (Yevich and Barcszcz, 1977) . Similarly, Balouet et al. (1986) noticed an increased incidence of HN in oysters from areas affected by the Amoco Cadiz oil spill in France. In addition, White et al. (1993) documented the high continued prevalence of HN in the softshell clam, Mya arenaria, associated with an industrially contaminated site at New Bedford Harbor, Massachusetts.
Attempts to define the linkages between exposure to chemical contaminants and development of HN have produced mixed results. A recent study by Farley et al. (1991) in the softshell clam M. arenaria from Chesapeake Bay reported a linear correlation between prevalence of the disease and tissue concentration of chlordane. In contrast, detailed investigations by Mix and Schaffer (1983) on HN in M. edulis from Yaquina Bay, Oregon, could not reveal a direct causal relationship between polynuclear aromatic hydrocarbon (PAH) exposure and the incidence of neoplasia. Evidence from laboratory studies lends some support to chemical causes for certain experimentally induced molluscan neoplasms (Khudoley and Syrenko, 1978) . Winstead and Couch (1988) noted suspicious lesions induced in oysters exposed to both PAHs and diethylnitrosamine. In contrast, Rasmussen et al. (1983a Rasmussen et al. ( ,b, 1985 were unsuccessful in inducing neoplasia in M. edulis by repeated experimental injection with various organic contaminants.
In our field study using wild populations of mussels from Puget Sound, Washington significant correlations were observed between body burdens of organic contaminants and significant biological effects, including impaired lysosomal functions and induction of detoxifying and antioxidant enzymes (Krishnakumar et al., 1994 (Krishnakumar et al., , 1995 . Mussels from Puget Sound, Washington, reportedly have a high prevalence of HN (Elston et al., 1988; Moore et al., 1991) . However, very few studies have reported the relationship, if any, between the prevalence of hemic neoplasia in field populations of bivalves and the body burdens of environmental contaminants. Accordingly, in the present study we have addressed this relationship by (1) evaluating the prevalence of HN in M. edulis collected from various sites in Puget Sound and body burdens of environmental contaminants and (2) determining under laboratory exposure whether selected PAHs or PCBs induce or modulate the expression of HN in M. edulis. These studies were designed to clarify the relationship between chemical contaminants and the induction and/or proliferation of HN in bivalve populations.
MATERIAL AND METHODS

Field Survey
Mussels (M. edulis complex), 45-55 mm, were collected from their natural beds at nine sites in Puget Sound, Washington, during low tide (Fig. 1) . Digestive gland tissue samples for histological analysis of HN were from mussels used previously in a companion study from nine sites in Puget Sound sampled during September 21-24, 1992 (see Krishnakumar et al., 1994) . On January 9-February 7, 1993, mussels were again sampled to conduct a hemocytological assessment of HN in the natural populations and to confirm findings derived from the previous histological assessment.
Sites included the nonurban areas of Oak Bay, Coupeville, and Double Bluff in central and northern Puget Sound and Saltwater State Park in southern Puget Sound. Urban sites sampled included Eagle Harbor, Seacrest, and Four Mile Rock in Elliott Bay, City Waterway in Commencement Bay, and Sinclair Inlet, located near Bremerton (Fig. 1) . Mussels from urban areas were known to be chronically exposed to a variety of anthropogenic chemical contaminants including PAHs, PCBs, and toxic metals (Krishnakumar et al., 1994) .
Mussels used for the study were transported in ambient seawater-filled ice chests to the National Marine Fisheries Service field laboratory at Mukilteo, Washington, immediately placed in circular seawater tanks, and acclimated for a period of 24 h to allow the guts to be cleared before they were randomly subsampled for chemical and histological analysis. Mussels for hemocytological analysis were maintained in unfiltered, running seawater during the 5-6 days required for the examination.
Microencapsulation of Contaminants
Selected PAHs or PCBs were microencapsulated in a gelatin/acacia gum mixture as described by Stromgren et al. (1986) . Known amounts of PAHs or PCBs (as aroclor 1254) were dissolved in 20 mL corn oil, heated to 40°C, and sonicated for 20 min. This mixture was homogenized with 5 g of acacia gum and 5 g of gelatin in a blender for 2 min at 40°C and brought to a final volume of 1 L with 40°C deionized water. The emulsion was cooled for 1 h on ice to form hardened microencapsulated vessels and stored in a refrigerator in sealed containers. The vehicle control, 20 mL of corn oil, was also microencapsulated as described above. This procedure reportedly gives microcapsules with a diameter of 1-10 µm, with most of the capsules around 5 µm, and stable with respect to particle dispersion and size (Stromgren et al., 1986 ).
Short-Term Exposure (30 Days)
Mussels (50-60 mm) were collected from a neoplasiafree and apparently healthy population from the minimally contaminated, nonurban site at Double Bluff (based on the results of the field survey) during low tide. The weight of PAHs used to make contaminantladened vesicles included 85.5 mg of phenanthrene, 68.4 mg of fluoranthene, and 17.1 mg of benzo[a]pyrene (ratio 5:4:1, w:w:w) dissolved in 20 mL of corn oil and microencapsulated as described above. Similarly, 171 mg of PCBs (as Aroclor 1254) was dissolved in 20 mL of corn oil and microencapsulated as described above. The 1-L emulsion contained 171 mg of PAHs or PCBs. Proportionate amounts of microencapsulated PAHs, PCBs, or corn oil were added daily to the respective tanks to achieve an equivalent final concentration of 150 µg contaminant L Ϫ1 seawater. Hemocytological and histological examinations were made following shortterm exposure (all treatments).
Long-Term Exposure (180 Days)
For this study, mussel populations already exhibiting a moderate prevalence of HN were collected from a minimally contaminated nonurban site at Coupeville. The weight of PAHs used to make contaminant-laden vesicles for this portion of the study included 19 mg phenanthrene, 15.2 mg fluoranthene, and 3.8 mg benzo[a]pyrene (ratio 5:4:1, w:w:w) dissolved in 20 mL of corn oil and microencapsulated. Similarly, 38 mg of PCBs (as Aroclor 1254) was dissolved in 20 ml of corn oil and microencapsulated. The 1-L emulsion contained 38 mg of PAHs or PCBs. The microencapsulated PAHs, PCBs, or corn oil were added to the respective tanks on alternate days to achieve an equivalent final concentration of 10 µg contaminant L Ϫ1 seawater. Hemocytological examinations were made following long-term exposures (all treatments).
Exposure Setup
Mussels were cleaned and acclimated for 1 week prior to the study in unfiltered running seawater containing natural phytoplankton with an ambient temperature of 9°C and a salinity of 30 ppt. Forty mussels were then transferred to each of eight 38-L tanks with filtered, running seawater. Mussels in two duplicate tanks served as the untreated controls receiving only supplemental algal food; mussels in another two tanks served as vehicle controls receiving algal food and microencapsulated corn oil. Mussels in the remaining tanks served as experimental treatments receiving algal food and either microencapsulated PAHs or PCBs. Duplicates for the experimental treatments were run simultaneously. The seawater flow in all tanks was maintained at 800-1000 mL min Ϫ1 (temperature 9.0 Ϯ 0.5°C; salinity 30.0 Ϯ 0.5 ppt, and dissolved oxygen Ͼ90% saturation). Mussels were fed daily with a commercially available concentrated and preserved algal diet consisting of Thalassiosira pseudonana (Coast Oyster Co., Quilcene, WA). The feeding rate in all tanks was adjusted to approximately 4 ϫ 10 3 cells mL Ϫ1 .
Just before adding the microencapsulated contaminants, seawater flow was shut off in all the tanks. Seawater flow was restarted after 2 h. Our observations revealed that mussels filtered all the encapsulated particles within 1-2 h. Constant and gentle aeration was maintained in all the tanks to keep the microencapsulated contaminants and algae in suspension. After 30 days, mussels from each treatment of the short-term exposure were randomly sampled from each duplicate tank for hemocytological (n ϭ 20) and histological (n ϭ 10) examination. Mussels undergoing longterm exposures were randomly sampled from each duplicate tank after 0 (n ϭ 25), 90 (n ϭ 30), and 180 days (n ϭ 43-48) from each of the treatments for hemocytological examination. Samples consisting of 15-20 mussels from the short-term exposure study at the 30-day period and from the long-term exposure study at 0, 90, and 180 days for each treatment group were also taken for chemical analysis, as described below.
Tissue Chemistry
The analysis of body burden of tissue contaminants of mussels sampled from nonurban and urban sites of Puget Sound has already been described (Krishnakumar et al., 1994) . For these analyses, whole mussel tissue samples (n ϭ 30/site) were dissected out, pooled, and kept at Ϫ20°C until analysis. For the laboratory exposures, whole mussel tissue samples (n ϭ 15-20) were dissected, pooled, and kept at Ϫ20°C until analysis. Samples were analyzed for organic chemical contaminants as described by Krahn et al. (1988) and Sloan et al. (1993) . Concentrations of organic chemicals in the samples from long-term exposure were analyzed using a validated screening technique utilizing highpressure liquid chromotography (HPLC) (Krahn et al., 1993 (Krahn et al., , 1994 . Toxic and essential elements in tissues from the field studies were determined as described in Robisch and Clark (1993) . Concentrations of organic contaminants and toxic metals were expressed in ng g Ϫ1 and mg g Ϫ1 dry tissue weight, respectively.
Histology
Mussels were randomly selected and the digestive gland excised, cut transversely into two pieces, and fixed in Baker's formol-calcium. Tissue blocks were processed by a routine paraffin histology method. Sections (5 µm) were stained with hematoxylin and eosin (H&E) and examined microscopically for histological evidence of the disease, as described earlier (Mix, 1983) .
Hemocytology
A 22-gauge needle containing 0.5 mL of Tris-EDTA buffer was inserted between the valves and into the posterior adductor muscle to withdraw 0.2-0.5 mL of hemolymph. This hemolymph sample was placed on a poly-L-lysine-coated slide and incubated for 30 min in a moist chamber. After incubation, the slides were fixed in methanol and stained using the Schiff-Feulgen picromethyl blue procedure (Farley, 1969) . Slides were then microscopically examined for the presence or the absence of HN, as described by Elston et al. (1988) .
Statistical Analysis
Linear regression analysis was used to evaluate the relationship between the prevalence of HN and body burden of chemical contaminants in field sampled mussels. Contingency tables coupled with 2 analysis was used to evaluate the development of HN in mussels after either a short-term (30-day) or long-term (180-day) exposure to PAHs and PCBs. Findings were considered significant at ␣ ϭ 0.05.
RESULTS
Field Studies
The concentrations of selected organic contaminants as well as toxic and essential elements in the whole tissue of mussel from the nine sites in Puget Sound are shown in Table 1 . A more detailed description of the concentrations of organic and metal contaminants in mussel tissues from these sites is presented in Krishnakumar et al. (1994) . Tissue concentrations of total PAHs (e.g., fluoranthene, phenanthrene, benzo[a]pyrene), PCBs, DDTs, other pesticides, and selected metals (mercury and lead) were higher in mussels from the urban sites of Eagle Harbor, City Waterway, Seacrest, Four Mile Rock, and Sinclair Inlet than in those from nonurban sites (Oak Bay, Saltwater Park, Coupeville, and Double Bluff).
The percentage of prevalence of HN in natural populations of mussels from the nonurban and urban sites is summarized in Table 2 . Both histological and hemocytological examinations revealed that the mussel population from Double Bluff was disease free. A disease prevalence ranging from 0 to 30% in mussels from the nonurban sites and from 10 to 28% in mussels from the urban sites was observed. There was no significant relationship between tissue burden for any of the chemical contaminants measured and HN in mussels from natural populations from nonurban and urban sites in Puget Sound, WA (Table 3 , Fig. 2 ).
Short-term experimental exposure. In a study to validate the links between exposure to PAHs and PCBs and cytological damage identified in mussel populations from urban sites in Puget Sound (see Krishnakumar et al., 1994 Krishnakumar et al., , 1995 , HN-free mussels were exposed for 30 days to microencapsulated PAHs or PCBs (Krishnakumar et al., 1997) . The relationship between HN and chemical contaminants was not the initial purpose of the study described in Krishnakumar et al. (1997) . However, at the end of the exposure period, a large proportion of mussels exhibited HN as well as cytological damage. The relationship between chemical contaminant exposure and the prevalence of HN is what is currently being presented.
The tissue burdens of PAHs and PCBs in mussels after 30 days of exposure to microencapsulated contaminants are shown in Table 4 . After 30 days of exposure to PAHs, tissue concentrations of phenanthrene, fluoranthene, and benzo[a]pyrene increased by 400, 360, and 940 times, respectively, compared to vehicle control mussels. Similarly, after 30 days of exposure, tissue concentrations of Aroclor 1254 increased by 16 times compared with vehicle control mussels. Tissue burdens of the above contaminants in vehicle control mussels were comparable to tissue burdens in mussels fed only an algal diet (Table 4 ).
The prevalence of HN in mussels exposed for 30 days to 150 µg L Ϫ1 day Ϫ1 of PAHs or PCBs, respectively, determined through histological and hemocytological examination is shown in Fig. 3 . Histological examination revealed disease prevalences of 20 and 30% in the mussels exposed to model mixtures of PAHs and Aroclor 1254, respectively, whereas mussels fed an algal diet (untreated controls) were found to be still disease free after 30 days. However, a disease prevalence of 20% was also observed in vehicle control mussels (Fig.  3) . There was no significant difference in the prevalence of mussels exhibiting HN that were exposed to either PAHs or PCBs when compared to mussels treated with corn oil (vehicle control) or to mussels fed an algal diet only. Hemocytological examination showed the disease present only in mussels exposed to Aroclor 1254 (20%); however, this prevalence was not significantly different than the prevalence observed in mussels treated with corn oil (vehicle control) or to mussels fed an algal diet only. In addition, no mortality of mussels was observed in any of the treatment groups throughout the experimental period.
Long-term experimental exposure. Based on the results of short-term exposure to PAHs and PCBs, a long-term (180-day) exposure study was conducted to evaluate the influence of PAHs or PCBs in modulating the prevalence of HN in a mussel population already exhibiting a moderate HN prevalence. Tissue burdens of PAHs and PCBs in mussels after 90 and 180 days of exposure, respectively, to microencapsulated contaminants are shown in Table 5 . Tissue concentrations of PAHs and PCBs in vehicle control and mussels fed only algae after 90 and 180 days were comparable to tissue concentrations of PAHs and PCBs in mussels at the start of the experiment. After 90 days of exposure to PAHs, tissue concentrations of phenanthrene and benzo[a]pyrene equivalent compounds increased by 8 and 40 times, respectively, compared with vehicle control mussels. Similarly, after 180 days exposure to PAHs, tissue concentrations of phenanthrene and benzo[a]pyrene equivalent compounds increased by 28 and 50 times, respectively, compared with vehicle control mussels. Tissue concentrations of Aroclor 1254 after 90 and 180 days exposure increased by 500 and 175 times, respectively, compared with vehicle control mussels.
The prevalence of HN in mussels exposed for 90 and 180 days to 10 µg L Ϫ1 day Ϫ1 of PAHs or PCBs, determined through hemocytological examination, is summarized in Fig. 4 . The initial disease prevalence in the field population of mussels used for long-term exposure (0 time) was 20%. After 90 days, disease prevalence increased to 33 and 43% in mussels exposed to PAHs and PCBs, respectively. The disease prevalence in mussels fed only an algal diet was 20%, comparable to the disease prevalence of mussels at the start of the exposure, whereas in vehicle control mussels, the prevalence of HN increased to 31%. There was, however, no significant difference in the prevalence of HN among the treatments at this time period. After 180 days, increased disease prevalences of 34, 28, and 33% were observed in vehicle control mussels and in mussels exposed to PAHs and PCBs, respectively, compared to an HN prevalence of 15% in mussels fed only an algal diet. There was no significant difference in the prevalence of mussels exhibiting HN that were exposed to either PAHs or PCBs when compared to mussels treated with corn oil (vehicle control); however, the prevelence of HN in mussels treated with corn oil, PAHs, or PCBs was significantly higher than its prevalence in mussels fed an algal diet only. This is attributable, in part, to the larger sample size per treatment used at the end of the experimental period (n ϭ 55 to 63 mussels) compared to the sample size used at the midpoint of the experimental period (n ϭ 36 to 43 mussels). Mortality of mussels was evident in the various treatment groups and ranged from 8 to 16% at the end of the experimental period, but was not significantly different among the treatment groups.
Morphology of neoplastic cells. Light microscopic examination of hemocytes from normal mussels revealed that they were well attached and spread on glass slides with relatively small uniform nuclei (Figs. 5a  and 5b ). Frequently, cell clumps consisting of more than 25-35 hemocytes were observed. In contrast, neoplastic hemocytes routinely did not clump but remained rounded, with extremely limited spreading (Figs. 5c and 5d ). Hemocytes of mussels from both the wild population and laboratory-exposed mussels showed the presence of two types of neoplastic cells, as reported by earlier researchers (Lowe and Moore, 1978; Green and Alderman, 1983) . The most common abnormal hemocytes were larger in size and contained a greatly enlarged spherical or lobed nucleus (Fig. 5d) . The second type of abnormal hemocyte was relatively smaller in size and had a more or less spherical nucleus with multiple nucleoli (Fig. 5d) . Mitotic figures were observed frequently in neoplastic hemocytes (Figs. 5c  and 5d ).
Histological examination of mussels with HN showed neoplastic hemocytes in the connective tissues between the digestive tubules of both the wild populations and laboratory-exposed mussels (Figs. 5f-5h) . The progression of the disease was characterized by an increase in the number of neoplastic cells which, in advanced stages, completely filled the vascular connective tissue and vascular spaces throughout the digestive gland (Figs. 5g and 5h) .
DISCUSSION
This study develops information about the possible relationship between the prevalence of HN in wild populations of M. edulis collected from sites in Puget Sound, Washington, and body burden of environmental 
FIG. 4.
The prevalence of hemic neoplasia (leukemia) in M. edulis complex determined by hemocytological techniques after 0 days (n ϭ 25), 90 days (n ϭ 30) and 180 days (n ϭ 43-48) exposure to microencapsulated PAHs (fluoranthene, phenanthrene, and benzo[a-]pyrene in a 5:4:1 ratio, respectively) and PCBs (Aroclor 1254) in the laboratory (10 µg L Ϫ1 day Ϫ1 ).
contaminants. Our field study showed no relationship between the prevalence of HN with body burdens of both organic and inorganic contaminants. For example, the tissue concentrations of carcinogenic and other organic and toxic metal contaminants were found to be higher in mussels sampled from five urban sites. However, the prevalence of HN in mussels from the urban sites (13-28%) was found to be in the same range as in mussels from the nonurban sites (0-30%). Incidentally, mussels having the highest and lowest tissue concentrations of benzo[a]pyrene, a known carcinogen, from Eagle Harbor and Oak Bay, respectively, showed the same levels of HN, 28-30%. This is in contrast to findings reported by Mix et al. (1979) , who showed a Several authors have suggested that HN in bivalve molluscs is induced or promoted by anthropogenic or natural carcinogenic chemicals (Lowe and Moore, 1978; McLaughin et al., 1992) . Correlations were reported between the prevalence of HN in M. edulis and My. arenaria and tissue burdens of organic contaminants (Mix et al., 1979; Farley et al., 1991) . In the present study, the body burden of PAHs ranged from less than 0.1 to 64 ppm and PCBs ranged from 0.07 to 0.5 ppm. The range in body burden for toxic metals was not as great as it was for the organic contaminants, although lead concentrations in mussels from Commencment Bay were approximately an order of magnitude higher than those for other sites. Despite the wide range in concentration of organic and inorganic contaminants, no relationship between chemical contaminants and HN prevalence in natural populations was identified. This finding is supported in field investigations by several other researchers who failed to show evidence for a clear cause-and-effect relationship between environmental contaminants and the disease prevalence of HN in bivalves (Brown et al., 1979; Appeldoorn et al., 1984) .
Although the field studies revealed no need to further investigate the relationship between HN and chemical contaminants, a laboratory study designed to evaluate the causal relationship between environmental contaminants and cytological structural damage in the digestive gland of mussels revealed development of HN in a FIG. 5-Continued population of mussels previously identified to be HN free. Few studies have examined the ability of known carcinogenic compounds to induce HN in marine bivalves under laboratory conditions (Rasmussen et al., 1983a (Rasmussen et al., ,b, 1985 . However, the existence of various detoxifying enzymes and their ability to metabolize certain classes of chemicals to carcinogens in bivalve molluscs (see review by Livingstone, 1991) has been documented, supporting the possibility that carcinogenic compounds could induce the development of neoplasia in bivalves. In the present study, when healthy mussels were exposed for 30 days to PAHs and PCBs, the prevalence of HN increased 20 to 30%. However, the same increase in HN prevalence was also observed in mussels exposed to corn oil (vehicle) alone; therefore, it appeared unlikely that the development of HN was related to exposure to chemical contaminants.
There appeared to be a difference in the prevalence of HN, depending on the method of diagnosis (see Fig. 3 ). Several researchers have reported that the histological and hemocytological assessments of HN in bivalves were comparable, even though the histological diagnosis represents the recommended standard method. In the short-term exposure portion of the study using healthy mussels, we primarily observed early stages of disease progression where many if not all disseminated neoplasms are characterized by foci of neoplastic cells and/or rare single cells in variable locations throughout the open circulatory system. In such cases, hemocytologic examinations may fail to accurately diagnose the prevalence of HN, whereas histologic examination can provide qualitative detection of such cells. In our short-term study, HN was identified histologically in mussels receiving corn oil, PAHs, or PCBs, whereas HN was only identified hemocytologically in mussels receiving PCBs only. The discrepancy may in part be a result of the lack of sensitivity of the hemocytological approach in identifying HN in our samples for the reasons described above. For large-scale population surveys, however, the practice of applying the histologic technique employing paraffin sectioning and staining represents a laborious and time-consuming practice in comparison with hemocytological techniques in identifying HN in bivalves. Therefore, when high sensitivity is desired, both hemocytologic and histologic techniques should be used (Elston et al., 1992) to assess HN and the results viewed in total. In our study, we employed the histologic techniques in a very limited way; to confirm our findings. We also improved the accuracy of the hemocytologic technique by increasing the sample number (40-50 per exposure), which was the primary assessment tool used in the long-term exposure study.
Because of the unexpected development of HN in the initial laboratory exposure, a second longer term exposure to PAHs and PCBs was conducted using a population of mussels which already harbored HN in the population. The expectation was that in this group, increased HN induced by chemical contaminants might be potentiated by corn oil. A key element of this disease is the widely demonstrated capacity for horizontal transmission in every species studied (including M. edulis complex from Puget Sound); neoplasm-free bivalves readily acquire the disease by cohabitation with affected conspecifics or injection with intact neoplastic cells (Elston et al., 1992) . However, even under the condition of long-term exposure for 180 days to PAHs and PCBs, an increase in the prevalence of HN was observed in all groups receiving corn oil. The additional temporal exposure to PAHs or PCBs did not increase the development of HN in bivalves above the level observed in mussels receiving corn oil alone.
It is reported that other stressors can increase the prevalence and quite probably the rate of progression of HN if the disease is already present in bivalve populations (Elston et al., 1992) . For example, in M. edulis and My. arenaria increased prevalence of disease was reported during cooler months of the year (Elston et al., 1992) . Chemical contaminants have also been reported to influence the development of HN as well. For example, Khudoley and Syrenko (1978) reported the experimental induction of neoplasia in freshwater bivalves exposed to the aromatic amines. In contrast, Rasmussen et al. (1983a,b) reported failure to induce HN in M. edulis receiving repeated experimental injections of aromatic amines, such as dimethylnitrosamine and N-methyl-N-nitronitrosoguanidine. Based on our results, there appears to be a discrepancy in the influence of stress in mitigating the development of HN in bivalves, a discrepancy that may be stress specific. Certain biotic and/or abiotic factors can possibly favor HN in bivalves, acting as additional stresses that weaken the host defense. For example, after 30 days, a disease prevalence of 20% was observed in healthy mussels exposed to corn oil (vehicle). In fact, histological examination revealed advanced stages of HN in mussels exposed to corn oil. Similarly, after long-term exposure to corn oil the prevalence of HN also increased. No study has previously reported on the carcinogenicity of corn oil to mussels or other bivalves. In a related study, using tissue samples from short-termexposed mussels, severe pathological changes were observed at cellular and subcellular levels in the digestive cells of mussels exposed for 6 and 30 days to corn oil (Krishnakumar et al., 1997) . Although chemical contaminants of concern did not influence the development of HN in the blue mussel, the ability of other outside agents to affect the development of HN and the mechanisms which potentiate these actions should be further explored.
In conclusion, we failed to find any relationship between the prevalence of HN and body burden of environmental contaminants in M. edulis complex col-lected from nine sites in Puget Sound. Moreover, exposure to microencapsulated PAHs or Aroclor 1254 for 30 to 180 days did not alter the prevalence of HN in mussels. Overall, chemical contaminants do not appear to be directly involved in altering the prevalence of HN in the mussel (M. edulis complex). Feeding microencapsulated corn oil to mussels, however, appears to alter (increase) the prevalence of HN, although the mechanism remains unclear. Although chemical contaminants, under the current conditions, did not appear to be involved in altering HN prevalence, further longterm experimental studies, in the presence and the absence of various cocarcinogens and promoters, could be conducted to evaluate possible interactive causal relationships between selected environmental contaminants and the prevalence of HN in bivalve molluscs.
